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Summary The aim of the study was to investigate possible mechanisms of epithelial
injury in normal subjects exposed to environmentally relevant concentrations of ozone.
Fifteen healthy non-smoking subjects (M:F 12:3) were studied. Five of the 15 subjects
were exposed to filtered air, six were exposed to ozone 100 parts per billion (ppb) and
seven were exposed to ozone 400ppb with 99mtechnetium labelled diethylene-triamine-
penta-acetate (99mTc-DTPA) or bronchoalveolar lavage (BAL) performed 1 or 6h afteree front matter & 2006
med.2005.10.005
ng author. Respirator
atories, Wilkie Buildin
h EH8 9AG, UK. Tel.: +
1 1558.
ess: wmacnee@ed.ac.uexposure as indicated above. All the above studies were performed on different
occasions at least 5 days apart. The subjects were exposed on each occasion for 1h
during intermittent exercise at a ventilation of 40 lmin1. 99mTc-DTPA lung clearance
did not change after either level of ozone exposure, but neutrophils increased in BAL 6h
after exposure to 400ppb. Superoxide anion release from mixed BAL leucocytes
decreased 1h after 100ppb and 6h after 400ppb. Products of lipid peroxidation in
epithelial lining fluid decreased both 1 and 6h after 400ppb. There was no change in
anti-oxidant capacity or glutathione concentrations.
Ozone exposure did not increase epithelial permeability, but was associated with
neutrophil influx into the airspaces, without evidence of increased oxidative stress.
& 2006 Elsevier Ltd. All rights reserved.Introduction
Concerns have been raised over man-made ozone in
the lower atmosphere and its possible adverseElsevier Ltd. All rights reserv
y Medicine, ELEGI, Colt
g, Medical School, Teviot
44 131 651 1435;
k (W. MacNee).effects on health. Ozone has been shown to
produce increased respiratory epithelial perme-
ability in vivo and in vitro.1,2 Ozone also produces
influx of neutrophils into the airspaces and evi-
dence of inflammation in healthy humans3 and in
asthmatics.4 Neutrophil influx has also been de-
monstrated in animal studies of ozone exposure.5
Ozone is the second most powerful oxidant
known and is believed to cause damage to
biological tissues either by direct reaction and/ored.
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D. Morrison et al.2228through the formation of free radicals and reactive
oxygen intermediates. Peroxidation of membrane
lipids is thought to be an important mechanism of
ozone injury, resulting in oxidation of functional
groups and loss of activity of biomolecules, includ-
ing enzymes. Glutathione (GSH) is a vital intra- and
extracellular thiol anti-oxidant. It plays a crucial
role against oxidative stress and inflammation and
can promote the repair of injured cells and tissues,
enabling the lung to withstand further injury.6
Extracellular GSH is increased by ozone exposure7
and intracellular GSH is depleted.8
The lungs thus may be rendered more susceptible
following ozone exposure to inhaled agents such as
allergens, viruses and pollutants.9 Regulation of the
oxidant anti-oxidant balance and in particular the
anti-oxidant GSH may play an important role in
maintaining the integrity of the respiratory epithe-
lium.
The aim of this study was to investigate epithelial
permeability, inflammation and oxidant anti-oxi-
dant balance in the airspaces of healthy non-
smokers exposed to ozone.Methods
Subjects
Fifteen healthy non-smoking subjects (M:F 12:3)
were recruited. None of the subjects had anyTable 1 Study design.
Subject Exposure type
Filtered air Ozone 100 ppb
1 h post 1 h post 6
1 DTPA BAL
2
3 DTPA BAL B
4 BAL DTPA B
5
6 DTPA BAL B
7 BAL DTPA B
8 BAL DTPA
9
10
11 DTPA BAL
12 BAL DTPA B
13 DTPA BAL
14
15 BAL DTPA
Fifteen subjects in total were studied. Five of the 15 subjects wer
were exposed to ozone 400 ppb ozone with 99mTc-DTPA or BAL p
above studies were performed on different occasions at least 5 dsignificant medical problems, nor any history of
respiratory infection within 6 weeks of the study.Study design
Details of the study design are given in Table 1.Exposure
Subjects were exposed to filtered air (FA) or ozone
measured in parts per billion (ppb).Studies performed
The clearance rates of 99mtechnetium labelled
diethylene-triamine-penta-acetate (99mTc-DTPA)
from the lungs and bronchoscopy and bronchoal-
veolar lavage (BAL) were performed.Exercise protocol
A standard exercise protocol on a bicycle erg-
ometer was used (15min exercise, 15min rest,
15min exercise and 15min rest for a total of 1 h).
The level of exercise was set to achieve an
inspiratory minute ventilation (VI) of 40 lmin
1 as
assessed in a previous study breathing FA.Ozone 400 ppb
h post 1 h post 6 h post
BAL DTPA
BAL DTPA BAL DTPA
AL DTPA
AL DTPA
DTPA BAL BAL DTPA
AL DTPA
AL DTPA
BAL DTPA
BAL DTPA
DTPA BAL
AL DTPA
BAL DTPA BAL DTPA
e exposed to FA, six were exposed to ozone 100 ppb and seven
erformed 1 or 6 h after exposure as indicated above. All the
ays apart.
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Ozone and airspace epithelium 2229Carboxyhaemoglobin (COHb)
COHb (IL 282 Co-oximeter Instrumentation Labora-
tory, Lexington, MA, USA) was measured prior to
recruitment and on each visit prior to study to
confirm the history of non-smoking.
Spirometry
Spirometry (Vitalograph Ltd., Buckingham, Eng-
land) was performed before and immediately after
all exposures to FA or ozone and either 1 or 6 h after
exposure.
Ozone exposure
Compressed air was purified and filtered through
Purafil (Purafil Corporation, Sutton Coldfield, Eng-
land) and activated carbon filters (Spirax Monnier
IX1, Spirax Sarco, Cheltenham, England), which
removed oxides of nitrogen and hydrocarbons and
then through a HEPA filter (Spirax Monnier IC3A). It
was warmed and humidified and passed along
Teflon tubing at 140 lmin1 to a perspex face mask
and shield worn by the subject. All fittings in
contact with ozone were made of either stainless
steel or Teflon. Ozone was produced by passing
medical grade oxygen through an electric arc
ozonator Type BA. 023 (Wallace and Tiernan,
Tonbridge, Kent, England) and was injected into
the air stream at a sufficient distance from the
subject to ensure good mixing of the ozone. A
sample of the air ozone mixture was drawn from
the mask and monitored continuously by an ozone
analyser (Series 49-100/103, Thermoelectron Cor-
poration, Warrington, England), calibrated with
reference to a primary ozone source (Institute of
Terrestrial Ecology, Edinburgh University, Scot-
land).
99mTc-DTPA lung clearance
99mTc-DTPA lung clearance is a measure of airspace
epithelial permeability. Each subject inhaled 1200
megabecquerels (MBq) of nebulised 99mTc-DTPA
from an Ultravent nebuliser (Mallinkrodt Medical
Ltd., Petten, Holland) at a radioactive concentra-
tion of 1.8 GBq/2ml. This was prepared from
sodium pertechnetate (99mTc) injection obtained
from an Amertec II generator (Code MCC20) and a
Pentetate II kit (Code N108), both supplied by
Amersham International (Aylesbury, England). The
mass median aerodynamic diameter (7SD) of the
particles generated was 0.5970.04 mm with a
geometric standard deviation of 1.7970.14 mm, asmeasured by a seven stage cascade impactor. A
flow of 12 lmin1 O2 was used to generate the
aerosol which subjects inhaled for 2min, while
supine and wearing a noseclip, during normal tidal
breathing, to prevent proximal deposition through
turbulent air flow. Respiratory rate was counted
during the 2min inhalation period. Subjects were
then imaged supine using a Siemens gamma camera
positioned posteriorly with a 140 keV low energy,
all purpose collimator (Siemens plc., Bracknell,
England) linked to a Bartec computer (Bartec
Medical Systems Ltd., Farnborough, England) and
a Unix Sun workstation (Sun Microsystems Inc.,
Camberley, England) with Micas System V software
(Nodecrest Ltd., Byfleet, England). Counts were
acquired in 30 s time frames for 30min at a
resolution of 128 128 pixels. An intravenous
injection of 20MBq 99mTc-DTPA at a concentration
of 50MBq/2.5ml was given at 20min to correct for
background activity.
Image analysis was performed using an inter-
renal background region of interest, normalised for
area and corrected for 99mTc decay.10 No activity
was seen to accumulate in the region of the thyroid
gland. Monoexponential lung clearance was ob-
served and the time for lung activity to fall to 50%
of the initial value (t50) was calculated by linear
regression analysis of the first 20min of the
corrected lung curves. All correlation coefficients
were greater than 0.92 for the semi-logarithmic
time–activity curves.
The stability of the 99mTc-DTPA was confirmed by
thin layer chromatography of the residual 99mTc-
DTPA in the nebuliser and urine.Bronchoscopy and BAL
BAL (240mls) and BAL fluid (BALF) processing were
performed according to a standard technique.11
Cell counts in BALF were carried out with a
haemocytometer and viability was ascertained by
exclusion of Trypan blue. Cell differentials were
performed on cytospin preparations (Shandon,
Pittsburgh, PA, USA) stained with Diff Quik (Merz
Dade, Switzerland).Biochemical assays
Superoxide anion generation by mixed BAL leuco-
cytes (2.5 105 cells) was measured by the super-
oxide dismutase (SOD) inhibitable reduction of
ferricytochrome c using a Pye Unicam 8700 series
UV/VIS spectrophotometer.12
The level of plasma or BALF lipid peroxides was
measured as thiobarbituric acid reactive sub-
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D. Morrison et al.2230stances (TBARS).13 EDTA (Sigma Chemical Co.,
Poole, England) at a final concentration of 1mM
was added to BALF prior to storage at 70 1C.
The anti-oxidant capacity of plasma and BALF
was measured as the Trolox equivalent anti-oxidant
capacity (TEAC) as described previously.14
Reduced and oxidised glutathione (GSSG) in BALF
and mixed BAL leucocytes (2 106 cells) was
measured according to the method of Tietze with
slight modifications.15
Serum albumin was assayed by a standard
technique in the hospital biochemistry department.
Albumin in BALF was measured by an immunoturbi-
dometric method (Boehringer Mannheim, Lewes,
England). Concentrations of BALF constituents
were estimated in epithelial lining fluid (ELF) using
the albumin method, assuming its level in ELF to be
10% of the plasma albumin level.16
Statistics
The effects of 100 and 400 ppb ozone were
compared with 0 ppb, separately for the 1 and 6 h
studies, by one-way analysis of variance with a post
hoc Scheffe test. Data from the 1 and 6 h studies
were compared by independent t-test. 99mTc-DTPA
lung clearance for the right and left lungs and pre-
and post-values for lipid peroxidation and TEAC
were compared by paired t-test. Correlation was
performed by a two-variable parametric analysis.
Ethical permission
Ethical permission was obtained from the local
medical ethics committee and all subjects gave
informed written consent.Ta
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e.Results
Subject characteristics and spirometry
There were no significant differences between
baseline spirometry or age between the five groups
of subjects (Table 2). No significant effects of ozone
on spirometry were seen immediately, 1 or 6 h after
exposure. The maximum fall in the mean FEV1 of
0.4 l was produced by 400 ppb immediately and 1 h
after exposure. FVC followed the same pattern
with a similar magnitude of change.
99mTc-DTPA lung clearance
99mTc-DTPA lung clearance did not change signifi-
cantly after exposure to ozone 100 or 400 ppb at
either 1 or 6 h after exposure (Fig. 1).
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Figure 1 99mTc-DTPA lung clearance (t50 mean7SE, n ¼ 5
in each group) in healthy non-smoking subjects after 1
and 6 h exposure to ozone 0, 100 or 400 ppb for 1 h during
intermittent exercise at VI 40 lmin
1. There was no
significant difference between 0, 100 and 400 ppb nor
between the 1 and 6 h studies.
Table 3 Effects of ozone inhalation on bronch-
oalveolar lavage neutrophil counts.
Percentage Number ( 106)
1 h post
0 ppb 0.870.2 0.1170.04
100 ppb 0.670.2 0.0670.03
400 ppb 0.870.5 0.1170.07
6 h post
100 ppb 0.670.1 0.0870.03
400 ppb 2.470.7 0.3170.09y
BAL neutrophils (% and absolute numbers  106) in 15
healthy non-smoking subjects (mean7SE) 1 and 6 h after
exposure to ozone 0, 100 or 400 ppb for 1 h during
intermittent exercise at VI 40 lmin
1.
Po0:05 compared with neutrophils after exposure for
1 h to air and neutrophils 6 h after exposure to 100 ppb O3.
yPo0:05 compared with neutrophils 6 h after 100 ppb
ozone.
Ozone and airspace epithelium 2231Bronchoscopy and BAL
There were no significant differences between the
groups in BAL recovery, total number of cells
obtained or their viability, which was greater than
90% in all five groups. The total number of cells
obtained did not increase following ozone. Inhala-
tion of ozone 400 ppb resulted in an increased
percentage (FA, 0.870.2%, 400 ppb, 2.470.7%,
Po0:05) and number (FA, 0.1170.04 106 cells,
400 ppb, 0.3170.09, Po0:05) of neutrophils in BAL
6 h after exposure (Table 3).
BALF albumin did not change significantly follow-
ing ozone, although 1 h after the inhalation of
400 ppb the concentration rose from 29.473.6 to
40.773.2 mgml1. After 6 h it had fallen to
34.774.7 mgml1. There were no changes in
plasma albumin. There was a statistically signifi-
cant effect of ozone overall (Po0:05) on ELF
volume, but otherwise it followed the same pattern
as BALF albumin increasing from 1.1070.11 to
1.6470.11mls (P ¼ 0:057) 1 h after the inhalation
of 400 ppb. Six hours later the level had fallen to
1.3270.18mls.Oxidants and anti-oxidants
Superoxide anion production by mixed BAL leuco-
cytes was reduced in general following inhalation
of ozone 1 or 6 h after exposure. This was
statistically significant following 100 ppb 1 h afterexposure and 6 h after exposure to 400 ppb (Fig. 2).
There were no significant differences in plasma
products of lipid peroxidation between pre- and
post-exposure levels. There were no significant
differences between the groups for lipid peroxida-
tion in BALF. In ELF, there was a significant
reduction in products of lipid peroxidation both 1
and 6 h following 400 ppb (1 h post,
34.471.4 mmol l
1
, Po0:05, 6 h post,
44.474.2 mmol l1, Po0:05) compared to the con-
trol group (49.975.2 mmol l
1
).
Plasma anti-oxidant capacity showed no biologi-
cally relevant changes following ozone exposure,
compared to the pre-exposure values, although the
slight increase from 1.2070.18 to
1.2470.17mmol l1 1 h following 400 ppb ozone
was statistically significant. Anti-oxidant capacity
did not change significantly in BALF or ELF following
inhalation of ozone at 100 or 400 ppb either 1 or 6 h
after exposure. Reduced GSH in mixed BAL leuco-
cytes, BALF or ELF were also unchanged following
inhalation of ozone at 100 or 400 ppb, either 1 or
6 h after exposure, although there was a trend in
cells, BALF and ELF for GSH to decrease 6 h after
400 ppb ozone. There were no significant changes in
GSSG in cells, BALF or ELF following ozone. The
levels were close to the limit of detection of the
assay.
There were no significant correlations between
99mTc-DTPA clearance and any of the variables
measured in particular with the percentage or
number of neutrophils, BALF albumin, ELF volume,
O2
 production or products of lipid peroxidation in
ELF.
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Figure 2 Superoxide anion (O2
) release from mixed BAL
leucocytes in healthy non-smoking subjects (mean7SE,
n ¼ 5 in each group) 1 and 6 h after exposure to ozone 0,
100 or 400 ppb for 1 h during intermittent exercise at VI of
40 lmin1. Po0:05 and Po0:01 compared with breath-
ing air for 1 h.
D. Morrison et al.2232Discussion
Ozone has been shown to produce increased
respiratory epithelial permeability in vivo and in
vitro.1,2 In ozone exposed rats, tracers localise in
the intercellular spaces of epithelial cells, although
not in tight junctions, and in endocytic vesicles in
all parts of the epithelial cells.17 In a subsequent
study, total protein (TP), alkaline phosphatase (AP)
and fibronectin in BALF showed a similar time
related increase suggesting a role for inflammation
and injury in increased epithelial permeability. The
earlier return of AP levels to baseline compared to
TP was felt by the authors to suggest repair of
injured cells but a delay in the formation of
epithelial junctions.2 In confluent canine bronchial
epithelial cells, ozone increased epithelial perme-
ability and this was partly prevented by vitamins E
and A and phalloidin which produces actin poly-
merisation.1 The cytoskeleton may, thus, be a
potential target for oxidant stress and ozone.18
The levels of ozone used in our study were chosen
to equate with ambient levels one might find in the
UK (100 ppb) and in the US (400 ppb). Most studies
to date have used ozone concentrations which are
not relevant to the UK and are in fact often higher
than those encountered in the US, particularly
when one considers the intense level of exercise
used in many studies. In our study, there were no
significant effects of ozone on spirometry. This is in
contrast to Nightingale et al.,19 who found that
exposure to 400 ppb ozone for 2 h during inter-
mittent exercise for 20 out of each 30min at 50W
reduced lung function. The concentration and
duration of ozone exposure used in our study didnot result in increased epithelial permeability to
99mTc-DTPA. Frampton et al.,20 however, showed an
increase in epithelial permeability following ex-
posure to 220 ppb ozone for 4 h during intermittent
exercise for 20 out of each 30min at 25 lmin1m2.
In our study, there was a significant effect of ozone
overall on ELF volume suggesting the possibility of
an increase in epithelial permeability. There was,
however, no significant effect of ozone on BALF
albumin another measure of epithelial permeabil-
ity. Overall the results of the present study may be
regarded as reassuring and indicate that the effects
of ozone are dose related, this being a product of
concentration, duration of exposure and minute
ventilation.
Krishna et al.3 exposed healthy humans to
0.2 ppm for 2 h during intermittent exercise at VE
30 lmin1 and found a three-fold increase in
the proportion of neutrophils in BALF 6 h after
exposure. This was positively correlated with
accompanying increased concentrations of IL-8
and Gro-alpha. Basha et al.4 studied non-smoking
asthmatics and healthy volunteers exposed to
ozone 0.2 ppm and FA for 6 h with intermittent
exercise at 5 lmin1 (l VC1). There was a signifi-
cantly greater increase in the percentage and
number of neutrophils per millilitre of BALF 18 h
after exposure in the asthmatics, than in the
control subjects exposed to ozone. This was
associated with significantly greater increases in
IL-8 and IL-6.
In our own studies, we found that the total
number of cells recovered in BAL did not change.
However, the percentage and number of neutro-
phils increased 6 h after the inhalation of 400 ppb
ozone. Our data are thus in keeping with that of
Schelegle et al.21 where neutrophil influx peaked at
6 h in pooled BAL. In our study, in contrast to that of
Schelegle and co-workers, there was no increase in
the neutrophil BAL count 1 h after exposure.
However, Schelegle and colleagues found a sig-
nificant increase at 1 h in the first or proximal
aliquot of BAL. Had we not pooled our aliquots of
BAL then we may also have seen neutrophil influx
beginning at 1 h.
In our studies, immediately after ozone expo-
sure, cell viability fell to 85% compared to 92% in
control cells. It recovered rapidly by 4 h and
subsequently rose to above 90%, although it
remained below that of the control cells. This fall
suggests a rapid and direct toxic effect of ozone.
Following a study of rats inhaling 0.2–0.8 ppm
ozone for 7 h daily for up to 4 days, Donaldson
et al.22 concluded that epithelial injury at the
concentrations used was likely to be a direct effect
of the ozone. In rat trachea following 3 h exposure
ARTICLE IN PRESS
Ozone and airspace epithelium 2233to 0.8 ppm ozone, permeability to 99mTc-DTPA and
BAL, it was suggested that the neutrophil influx
occurred as a consequence of the increased
permeability, rather than causing the increased
permeability.23 Ozone-induced permeability in
rats, exposed to 0.8 ppm for 2 h, was inhibited by
pretreatment with cyclophosphamide, FPL 55712
(a leukotriene D4 antagonist) and indomethacin.
5
Neutrophils from ozone exposed rats have been
shown to alter epithelial resistance in vitro, but
only when stimulated with PMA or FMLP.24 They
have also been shown to have a synergistic effect
on ozone-induced airway epithelial injury when
perfused in the isolated perfused rat lung.25
Concomitant changes in permeability and re-
cruitment of inflammatory cells in the lung follow-
ing ozone exposure have been shown varying with
ozone concentration, exposure duration, mode of
analysis, animal species, physical activity, preg-
nancy and repeated exposure.9 Tumour necrosis
factor may play a role in the increased permeability
and inflammation.26 It would seem likely therefore
that ozone produces an initial direct injury to cell
membranes, which may result in increased perme-
ability, possibly also affecting macrophages, result-
ing in increased release of chemotactic stimuli for
neutrophils. The consequent secondary inflamma-
tory response may result in further injury and
increased permeability. However, we were unable
to convincingly demonstrate increased epithelial
permeability in normal subjects exposed to envir-
onmentally relevant concentrations of ozone.
There are relatively few data on the effect of
ozone inhalation on the oxidant/anti-oxidant bal-
ance in the airspaces in humans. We found that
although the production of superoxide anion was
increased in the control group, as a result of
exercise, ozone inhalation decreased superoxide
anion production from BAL leucocytes. This effect
of ozone supports data from previous animal
studies.22 Increased ozone-induced neutrophilic
inflammation has, however, been shown in extra-
cellular SOD null mice.27
Ozone inhalation has been shown to increase
lipid peroxidation in humans although at a higher
dose than in our study.20,28 We found no significant
changes in plasma or BALF lipid peroxides. In BALF,
and in ELF, the control levels were very much
higher than those we measured in a previous study
in resting subjects. In ELF, there was a significant
reduction in TBARS both 1 and 6 h after 400 ppb
ozone. This decrease could be related to the anti-
oxidant properties of albumin or may be a
dilutional effect in BALF.
Ozone causes oxidation of sulphydryl groups, e.g.
GSH and those found in proteins, amines, alcoholgroups, aldehydes and other functional groups in
proteins, enzymes, nucleic acids and membranes.
Studies have shown that acute ozone exposure
results in an increase in extracellular GSH7 and
depletion and oxidation of intracellular GSH.8
We studied the total, functional anti-oxidant
capacity of plasma, BALF and ELF following ozone
exposure. No statistically significant changes oc-
curred. Similarly, no significant changes occurred in
reduced or oxidised glutathione levels in mixed BAL
leucocytes, BALF or ELF. The control values, not
only for glutathione but also for anti-oxidant
capacity, were generally lower than in a previous
study in which measurements were made at rest.10
In summary, we have shown no effect following
the inhalation of ozone 400 ppb for 1 h on epithelial
permeability during moderate intermittent exer-
cise in normal subjects. There was a significant
increase in the percentage and number of neutro-
phils in BALF 6 h after 400 ppb ozone. Despite this,
the levels of superoxide production from mixed BAL
leucocytes and products of lipid peroxidation in ELF
decreased. There was, therefore, no evidence of
increased oxidant stress accompanying the neutro-
phil influx into the airspaces.Acknowledgements
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